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Paper coating layers are subject to various stresses and deformations in many converting processes 
such as calendering, printing, slitting, and folding of the paper.   In some cases, products may crack during 
folding to generate a defect called cracking at the fold (CAF). The parameters that influence these defects 
are not well understood. The overall goal of this thesis is to better understand the CAF behavior as related 
to material properties of the coating layer.  
A method was developed to produce free-standing pigmented coating layers thick enough to be 
tested in bending as well as tension. The mechanical properties of these coating layers were characterized 
for mixtures of latex and starch for two different pigment volume concentrations (PVC). Three different 
types of paper were coated with these formulations and their failure during printing was evaluated through 
a standard ink picking test.  These same coating formulations were also applied on two paper grades as 
single and double coating layers.  The cracking propensity of these samples were characterized for a range 
of latex and starch content.  Samples of calcium carbonate marbles with binder films between them were 
 
 
tested in tensile tests:  the results were compared with the tensile properties of the pure binder films. The 
failed surfaces were analyzed using Raman spectroscopy and scanning electron microscopy (SEM).   
Tensile and flexural moduli of the coating layers were found to be similar and were a function of 
the binder content and the latex to starch ratio of the binder.  However, the stress and strain at failure were 
higher in flexural tests compared to those in tensile tests. Papers with different basis weights and porosities 
were found to have different picking resistance values.  The picking resistance did not correlate with the 
elastic modulus of the coating, but did better with the strain at failure behavior. This result indicates that 
the stiffness of the coating layer is not as critical during printing as compared to its flexibility.  
 In the folding tests, as the PVC, starch content, and paper basis weight increased, the crack area 
increased. Double layer coated papers with high PVC and high starch content as the top layer had more 
cracks in comparison with a single layer coated paper, but when the PVC of the top layer was low, cracking 
area decreased.  Crack area decreased to a low level if the top layer was composed of a latex only system. 
Increasing the starch ratio in the binder increased the tensile modulus and decreased the strain at 
failure. All marble rock samples failed at lower maximum stress and strain at failure values compared to 
pure films: this result indicates the dominance of adhesive failure. While Raman results did not indicate 
any residual latex or starch on the adhesively failed surfaces, SEM confirmed that at least part of the failure 
was still cohesive.  The results indicate that if better adhesion between the pigment and the binder could be 
obtained, the coating layers should have improved mechanical properties and potentially better CAF 
resistance.    
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CHAPTER 1 
INTRODUCTION 
Paper coatings provide unique features to the surface of the paper. Paper and paperboard coatings 
are primarily used to improve printing capability, whiteness and brightness of the base paper. Most of the 
coating formulations are water dispersed coating materials with one or more pigments, one or more binders, 
and certain additives to develop desirable properties. Clays, calcium carbonates, and titanium dioxide are 
typical pigments that are used in pigmented coating. Starch, latex and casein are types of binders that can 
be added to the formulations.  
Coated paper and paper products often go through different types of deformations and stresses in 
the converting operations such as calendering, folding, cutting or printing. These operations, especially 
when they subject the coated paper or paperboard to folding, can cause deformation or failure in the coating 
layer, which leads to the rejection of the product. A long-term issue is called “cracking at the fold”, (CAF), 
where the coating layer cracks in the folding operation in such a manner that the consumer would notice 
the defect. Figure 1 shows an example of cracking at the fold. The objective of this thesis is to improve our 
understanding of the coating formulation properties and processing parameters that lead to CAF. Three key 
sections are 1) measuring the mechanical properties of coating layers as a free-standing films in tension and 
bending modes, 2) characterizing the cracking of these layers when they are applied in single and double 
layers on paper, and 3) improving our understanding of the adhesive properties between the binders and the 
pigment surface.  In this chapter, a summary of previous research and studies is presented and final results 
are presented in three separate chapters, each chapter is a paper that has been published or is currently 
submitted for publication.  
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Figure 1.1 Cross section of different coating formulations with cracking at the fold issue (Oh et al., 2015) 
 
 
 
 
 
  
 
 
   
 
1.1 Free-standing coating film 
In one of the first studies on free-standing coating films (Parpaillon et al. 1985), mechanical 
properties of clay-containing coating films consisting of carboxylated styrene-butadiene (SB) copolymers 
were examined. Several types of SB latex with a range of glass transition (Tg) temperatures (-17 °C to 40 
°C) were filled at ca. 60% dry solids content by either clay or calcium carbonate. Films were cast on 
aluminum foil at room temperature and then dried at 105 °C for 30 minutes. Tensile tests and dynamic 
mechanical tests were performed and interactions between the polymer and pigments was evaluated by 
NMR. Both higher tensile strengths and higher elongations were found when binder content increased. 
Switching to higher Tg binders also increased mechanical properties while lowering elongation to failure 
values. Replacing part of clay with CaCO3 decreased mechanical properties. A high segmental mobility of 
the macromolecules (above Tg) in general gives rise to a narrow line component of the spectrum, thus NMR 
results were in agreement with dynamic mechanical analysis results only for the CaCO3 systems.  
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 The void contents of paper coatings with clay and CaCO3 pigments and the resulting cohesive 
strengths were evaluated by researchers (Lepoutre and Hiraharu ,1989), where coatings made of clay or/and 
ground CaCO3, and an SB latex with no other additives were produced at 60% solids and dried at room 
temperature. The binder content was varied from 0 to 20 pph of pigment. The void volumes of the coatings 
were measured with an oil absorption technique and light-scattering coefficients were calculated from 
measured reflectance at 458 nm. An inclined plane apparatus was used to measure coating cohesion in the 
transverse direction. At any given binder level, formulations with clay pigments exhibited higher void 
contents, resulting in lower cohesion among pigment particles supporting the model described by 
Parpaillon, Engstrom et al. (1985) indicating that the binder accumulates between the ends of the clay 
particles as opposed to plate faces. Observing failure surfaces by SEM revealed that in the clay-based 
coatings, the failure line was rather shallow whereas in CaCO3 coatings, failure extended deep down. This 
was attributed to the orientation of the clay plates during drying in the suspension resulting in stress 
concentration causing rupture along x-y planes. For the isometric CaCO3 particles on the other hand, 
random stress distribution and random failure could be expected.  
Viscoelastic properties of latex-based paper coatings containing clay and calcium carbonate were 
studied using dynamic mechanical thermal analysis (DMTA) (Yamaguchi, Ishikawa et al. 1993). Films of 
coating materials were cast on polyimide that does not show thermal transitions in the studied range of 
temperatures. Different thermal transitions were evaluated. The lowest transition temperature was attributed 
to the Tg of the binder which was frequency dependent. The second transition region was found to be 
independent from the frequency of oscillations and was thought to be related to the packing state of the 
layer.  
  
Free-standing model paper coatings with SB latex and polystyrene pigments with a narrow particle 
size distribution were prepared at various pigment contents (Raman et al. 1999). Coatings were prepared 
above and below the critical pigment volume concentration (CPVC), defined as the pigment volume 
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concentration below which the coating film is continuous in the binder phase and above which the film 
changes to become continuous in the third phase (air). The best quality films were obtained using uncoated 
cellophane films as the substrate. In-plane tensile testing was carried out to evaluate tensile strength, tensile 
modulus and elongation at break. A change in stiffening mechanism as a result of the increase in pigment 
volume concentration near the CPVC was assumed to be responsible for the rapid increase in mechanical 
properties beyond CPVC.  
In a series of experiments, Prall et al. (2000) evaluated the non-linear viscoelastic mechanical 
properties of pigmented latex coatings for three different pigment types at varying pigment volume 
concentrations. Dynamic mechanical analysis in tension mode was used and the coatings were found not to 
exhibit ideal linear viscoelastic behavior over the entire pigment volume concentration range. The binder 
distribution, orientation of the anisotropic particles, the pigment shape and interaction between the binder 
and the pigment influenced the mechanical performance of the coating layers. Polystyrene plastic pigments 
exhibited a lower storage modulus than the latex below the latex glass transition temperature but above the 
latex glass transition temperature and below the pigment glass transition, the addition of pigment was 
effective. The addition of calcium carbonate pigment to latex caused a reinforcement effect over the entire 
pigment volume concentration range. This was different for clay pigments where a reversible depression 
phenomenon was observed at temperatures from 5° to 25° C. Tan delta (mechanical loss factor) values were 
reduced for all pigment types at higher pigment concentrations. Glass transition temperatures of the coating 
formulations were influenced in a similar manner to the results of tensile mechanical properties previously 
reported by Raman  et al. (1999).   
The influence of the particle shape of the pigments on the in-plane tensile properties of kaolin-
based stand-alone coating layers was the subject of experimental studies carried out by Husband et al. 
(2006). It was found that kaolin pigments with a similar particle size result in increased in-plane tensile 
strength and stiffness values at larger shape factors. At the same time lower elongation values were observed 
when the shape factor increased.  
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In a study (Wildberger and Bauer, 2008), single  and multiple free-standing coating layers were 
tested in plane in tension. Multilayer coatings were prepared by multiple casting of the coating formulation 
and the influence of binder/starch ratio was evaluated. Testing was done on single layer coatings as well as 
double unbonded and double bonded coating layers. As they reported, all tensile properties were optimized 
at the same binder/starch ratio, irrespective of the coating layer layup. 
In recent work, free-standing coating films with different latex, starch and pigment concentrations 
were studied (Zhu et al. 2014). In pure binder films of only starch and latex, increased starch concentration 
increased the elastic modulus but decreased the strain to failure. When pigments were included, the 
maximum elastic modulus again was obtained near the critical pigment volume concentration. At values 
below CPVC, the films were easier to deform because of increased binder levels whereas above this point, 
the films became weaker because of increased air voids.  The ultimate tensile strength was maximum for 
the case where starch was 58% of the binder (42% latex). The strain to failure could be well over 100% for 
pure latex films, but dropped to around 20% when the pigment volume concentration was over CPVC.  In 
contrast, starch containing coatings had strain to failure values of less than 2% with high starch containing 
samples having values less than 0.5%. Coating samples with starch contents over 58% of the binder package 
were not possible to be produced because of their brittle nature. They also showed starch could affect the 
elastic modulus and ultimate tensile stress like pigment particles.  These results were limited to tensile 
mechanical properties and not bending. To the best knowledge of the author, none of the previous studies 
evaluated the mechanical properties of free-standing coating layers in flexure.  
 
 1.2 Mechanical properties of coated paper 
Mechanical properties of different types of paper and paper products have been studied in various 
research and studies. In a study on the mechanical properties of coated paper at different pigment volume 
fractions and thicknesses, researchers (Hagen et al. 1993) observed that a softening in the coating occurred 
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when the volume fraction of pigment increased in the coating formulation. The glass transition temperature 
of latex, which was the adhesive part of coating formulation, was reported to be an effective factor on this 
change. Also applying the rule of mixtures models to predict the mechanical properties of the coating layer 
was not successful in their study.  
The effect of clay particles on the flexural properties of coated paper was reported (Husband et al. 
2009). A high shape factor particle will make the paper stiffer. As the coated paper bended, the outer part 
of this coating layer, which had a high elastic modulus would be in tension. The high shape factor pigments 
would make it more resistant and as the tension increased, this layer cracked and deformed.  
In a study on the ability to fold packaging grades (Kim et al. 2010), it was suggested that a soft 
latex with low Tg was needed to obtain good printability and a flexible layer. They also reported machine 
direction (MD) folds were poor compared to cross direction (CD) folds:  shorter cracks were seen in CD 
compared to MD.  They produced a folding event by sending lightly folded samples through a calender, 
and prior to that they were creased with a commercial scale equipment. They mentioned that the latex was 
key to prevent cracking and a low Tg on the outside layer contributed to crack resistance.  
Comparing cracking at the fold of kaolin and calcium carbonate-based coatings was conducted 
(Ratto et al. 2011). They reported that latex could concentrate around groups of small particles allowing 
cracks to follow the path between large particles. It was also found that cracks in calcium carbonate-based 
coatings were perpendicular to the coating layer while cracks in kaolin-based coatings could propagate 
diagonally in the coating. In another study, (Ratto et al. 2012) evaluated the degree of cracking based on 
latex and pigment type.  Starch-containing coatings had larger crack areas. Narrow particle size distribution 
GCC resulted in higher crack area than broad size distribution GCC or kaolin coatings.  Latex level was a 
key factor and explained many of the results.   
IGT dry pick tests were used to evaluate the strength of PCC and GCC based coating layers on 
paper (Preston et al., 2012). They observed that there was a good correlation of picking on press to the IGT 
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dry pick velocity. It was clear that binder could penetrate into the base sheet leaving less binder in the 
coating layer. The high binder content on the pre-coated base showed that binder was being lost to the base 
when it was not coated. The scraped zone showed even higher binder content, again attributable to 
penetration.  The dry picking behavior of these sample followed the binder content quite well. The picking 
velocity was often higher for GCC samples compared to PCC. The results were explained again in terms 
of binder migration from the coating layer into the base sheet. High solids leads to high strength because 
there is less opportunity for binder loss into the sheet.  
Binder loss and its influence on coating strength was a subject of another study (Preston et al. 
2012b). From filtration experiments and analysis of the filter cakes, it is clear that PCC loses more binder 
than GCC and this results in a loss of strength for PCC coatings.  Higher solids lead to less binder loss and 
an increase in strength. The addition of kaolin into the PCC coating retains binder. Therefore, high shape 
factor pigments are suggested to increase coating strength because they retain more binder. Binder loss into 
the paper sheet attributable to dewatering at application can lead to a weakening of the coating layer. 
Another study (Nutbeem et al 2010) showed that high shape factor pigments led to better 
mechanical properties. They showed that plate-like kaolins can influence the ink setting rate, the pore 
structure, and the propensity for picking. The z-direction tensile strength decreases but the in-plane strength 
increases as high aspect ratio pigments are added into the coating layer. In a pilot printing testing looking 
at piling (Build up of deposits on press), the coarse high aspect ratio pigments gave much better results than 
fine kaolins and high carbonate content coatings. They did show that piling was correlated to dry strength 
of the coating layer. In tack development curves, the maximum force obtained was similar for all coatings.  
The only negative aspect noted about using the high shape factor pigments is that they can retain fountain 
solution (water) during printing, leading to a weakening effect. 
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1.3 Modeling of coated paper deformation during folding event 
Numerical investigation of coated paper at folding was done by researchers (Barbier et al., 2005). 
They used a finite element method (FEM) to predict the changes in the coating layer. They modelled the 
base paper as an anisotropic elastic–plastic material accounting for both elastic and plastic anisotropy. The 
constitutive behavior of the coating layers was approximated by classical (Mises) elastoplasticity. Their 
model could predict close results in comparison with the experimental data, and they mentioned the coating 
film thickness and the plastic behavior of binder (latex) can be a key in a model prediction and should be 
considered. Researchers also mentioned both of these effects can be mitigated by using thick films in the 
experiments, which mandate that the microstructure of the thick films be uniform and similar to the 
microstructure of the thin films. 
In another study, (Barbier et al., 2006) tried to incorporate the anisotropy of the mechanical 
properties of the base paper through FEM modeling to have a better understanding of anisotropic behavior 
on the folding strains (Barbier et al. 2006). To simplify the evaluations, the study was confined to the two-
dimensional modeling (MD and out of plane directions) by stiffening the MD direction by means of 
structural elements of beams and trusses. The modeled strain levels showed the longitudinal strains and the 
normal strains in the thickness direction were considerably reduced in comparison to an analysis where 
high elastic anisotropy was not considered indicating that the large anisotropy of coated papers must be 
taken into account in problems where the elastic properties in the thickness direction are important. The 
inﬂuence from anisotropy was highly dependent on the values of the constitutive properties of the paper 
materials involved.  
A paper coating layer can be considered as a composite structure that consists of pigments, binders 
and voids. There are multiple studies to evaluate this layer based on the composite theories and equations, 
to predict its behavior in different loading conditions. In a study researchers tried to model the elastic 
modulus of coating layers containing different types of pigments including ground calcium carbonate and  
precipitated calcium carbonate using the model suggested by Bert taking into account the effect of porosity 
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(Lepoutre and Rigdahl 1989). The results were then compared with a traditional Halpin-Tsai modeling 
approach and good agreements were observed.  
In a study (Raman et al. 1999), compared the experimental data with some different theories in 
polymers such as rule of mixtures, transverse rule of mixtures and Halpin-Tsai equation. None of the 
mentioned methods was able to predict the coating layer mechanical properties over a wide range of 
pigment volume concentrations. It could be expected because of the properties of pigment particles and role 
of binders in this composite layer. Without binder the loading cannot be transferred to the other particles 
and with adding binder to a certain point this adhesion would help to improve the distribution of the load 
among the coating pigments.  
In a tensile and compression model of a free-standing coating film (Alam et al., 2007) Voigt, Reuss 
and Halpin-Tsai models were applied. All the models showed different values and measurements in 
comparisons with the tensile properties of the coating film, and none could predict its properties. In 
compression, the Voigt model was shown to predict the elastic modulus of coatings to within one standard 
deviation of the experimental mean. This was attributed to the model’s micro-deformational characteristics. 
But in conclusion it was suggested to modify the rules of mixture with considering the binder and pigments 
contributions to the loading resistance as a function of their properties and volume fractions of the coating 
formulations.   
In a recent study (Varney and Bousfield,  2018), a model of coating layer failure in the cracking at 
the fold was evaluated with discrete elemnt method (DEM), on coatings with starch and latex as their binder.  
The model predicted the stress and strain at failure, elastic modulus in tenstion and flexure. comparing the 
results of the model and experimental data, the model was overpredicting the values in coating formulations.   
1.4 Summary 
The work presented in this thesis is unique in several ways. Free-standing films of different coating 
formulations were prepared on a sorbent layer without any cracking, while previous researchers could only 
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use a non-sorbent substrate to produce such films without cracking. A novel method was developed to 
produce crack-free pigmented coating films thick enough to be tested in flexure. The films were also 
analyzed to verify if there was any binder migration across thickness. As previous works could only 
measure the tensile properties of the films, here tensile and flexural (three-point bending) properties of these 
pigmented formulations at different latex/starch ratios were evaluated and compared with the same pure 
binder films. The analyzed coating formulations were applied on different base papers to study the coating 
layer behavior at folding. CAF was evaluated on these formulations by scanning the cracked areas. This 
work is unique in that the mechanical properties of the coating layers were known. Lastly, this work 
measured and analyzed the failed surfaces between pigment-binder-pigment in tensile experiments:  this 
method to probe the failure mechanism appears to be novel in the literature.    
1.5 Structure of this thesis 
The thesis is organized as three stand-alone publications in Chapters 2-4. Chapter 2 was published 
in the journal Progress in Organic Coatings this year and deals with the production of free-standing coating 
layers with starch and latex in the binder system, as well as mechanical characterization of the films in both 
tensile and bending modes. Chapter 3 has been submitted to TAPPI Journal and involves the analysis of 
cracking of single and double layer coated papers upon folding.  Chapter 4 will be submitted to Nordic Pulp 
and Paper Research Journal; the chapter looks at the failure of the calcium carbonate – binder system in a 
unique experiment. Chapter 5 in the conclusions and suggestions for future work.  The appendix includes 
other information that may be of interest to future students.   
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CHAPTER 2 
PRODUCTION AND MECHANICAL CHARACTERIZATION OF 
FREE –PIGMENTED PAPER COATING LAYERS WITH LATEX AND 
STARCH AS BINDER  
2.1  Chapter Summary 
The mechanical properties of paper coating layers are important in various converting processes 
such as printing and folding of the paper. A method was developed to produce free-standing pigmented 
coating layers thick enough to be tested in bending as well as tension. The mechanical properties of these 
coating layers were characterized. Free-standing films with two types of binder formulations, pure latex or 
latex-starch combinations, with different binder content were prepared through an innovative film forming 
method that allows uniform drying of the coating layer while minimizing cracking. Tensile and flexural 
samples were cut out of these films. Tensile and flexural tests were carried out on samples and the results 
were compared. Tensile and flexural moduli were found to be similar. However, both stress at failure and 
strain at failure were higher in flexural tests compared to those in tensile tests. Three different types of paper 
were coated with these formulations and their failure during printing was evaluated through a standard ink 
picking test. Papers with different basis weights and porosities were found to have different picking 
resistance values. An interesting result was that the picking resistance did not correlate with the elastic 
modulus of the coating, but with the strain at failure behavior. This result indicates that the stiffness of the 
coating layer is not as critical during printing compared to its flexibility.  
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2.2 Introduction: 
Paper and paperboard are often coated to improve some properties required in the final product 
such as optical properties and print quality. The coated paper or paperboard will be subject to different 
mechanical stresses such as tension during printing and bending during folding, which can potentially 
damage the coating layer through cracking. The mechanical properties of coating layers are important to 
understand to optimize the coated paper system to meet the processing and application requirements.  
Coated paper is a composite structure of paper and a coating layer. The coating layer is composed 
of pigment particles held together with an organic binder such as latex, starch or protein. Knowing the 
properties of each layer should help to predict the final product performance. For each layer, the elastic 
modulus, the ultimate stress at failure, and the strain at failure are important parameters defining the 
mechanical performance of the coated paper system. Since both the base paper and the coating layers are 
composite structures by themselves, the tensile properties may not fully predict the behavior in bending 
modes.  
A number of papers report on the tensile properties of free-standing coating layers (Husband, et al. 
2006, Prall et al. 2000, Raman et al. 1998, Zhu et al. 2014). These works have made it clear with regard to 
the influence of pigment shape and deformation rate on the tensile properties. Clay-based coating films 
showed lower stiffness in comparison with ground calcium carbonate (GCC)-based coatings attributed to 
inherent material properties. GCC-based coatings are more isotropic than clay based coatings. To our 
knowledge, the bending behavior of free-standing coating films has not been reported with the exception 
of our preliminary work (Hashemi Najafi et al., 2016). This lack of results may be related to the difficulties 
to produce crack-free coating layers that could be tested in bending. In addition, the relationship of these 
properties to picking resistance during printing is not clear.  
Many studies have been reported that evaluate the behavior and properties of coated paper. 
Cracking of clay-based and GCC-based coating formulations has been evaluated (Rättö et al., 2011).  The 
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authors have shown that the difference in particle shape results in different cracking behavior at the fold. 
In clay-based formulations cracking may start anywhere in the coating layer and can be expanded in the 
thickness direction, but in GCC-based coatings cracks initiate at the surface of the coating and then 
propagate through the thickness. The mechanical properties of coating layers were investigated using a 
Finite Element Method (FEM) (Toivakka et al., 2014); they showed that the amount of latex as the binder 
of these formulations and type of pigment affected mechanical properties of the coating layer. The type of 
latex and the glass transition temperature (Tg) of the latex also affects the properties of the coating layer. 
Styrene-butadine with lower Tg showed greater interaction within the coating film in comparison with a 
styrene-acrylate with higher Tg, which results in smaller and fewer cracks (Toivakka et al., 2014). Another 
study also analyzed tensile and shear stresses in coating layer formulations using FEM during the folding 
event (Barbier et al., 2005). These models based on FEM require good input parameters that will describe 
the deformation behavior in tension and bending. Recently, researchers studied the effect of starch in the 
binder composition of coating formulations and the effect of double layer coatings on the cracking area in 
these formulations (Oh et al., 2015). Starch in the coating increased the cracking area at the fold. With 
having starch in the pre-coating layer, cracking area was larger in comparison with those papers where a 
starch-containing formulation was applied on top of the pre-coated layer. In another work, researchers gave 
results with regard to the influence of coating composition and fold direction on cracking during folding 
(Oh et al., 2016).  
During the printing of paper, the viscous ink generates a large normal force to the paper surface as 
the paper leaves the impression nip (Aspler et al., 1993). The magnitude of this force is related to the coating 
composition and how rapidly the ink is absorbed by the pores and latex (Desjumaux et al., 2000) as well as 
the press speed, paper properties, and ink viscosity (Gane et al., 2003). A finite element analysis of the 
deformation of multi-layered paper or paperboard during printing is possible if the mechanical properties 
of each layer is known (Hallback et al., 2006); this analysis shows the propensity of the paper to bend at 
the exit of the printing nip as the paper experiences the normal tack force.  To simplify the complex 
14 
 
interactions of ink viscosity and press speed, researchers often report the maximum velocity-viscosity 
product that the sample can experience before coating layer failure is noticed.   
The IGT picking test, is a method in printing studies to evaluate the tensile stress of ink films at the 
nip of rollers, where the paper roller and the ink roller get in contact and then separated (Aspler et al., 1993). 
This separation at the nip of rollers, loading in z direction, will cause delamination or picking in coated 
papers. In industrial process, this delamination will result in lint built-up or pigment transfer (Aspler et al. 
1993, Desjumaux et al. 2000 and Gane et al. 2003). There are different methods to test pick resistance in 
coated papers, Z-Directional Tensile Strength test (ZDTS), Scott Bond Test (SBT), Wheel Delamination 
Test (WDT) and the IGT method (Hallback et al., 2006). 
 In this work, free-standing coating layers were produced and tested both in tensile and bending 
modes. A novel method is shown to produce uniform crack-free films of the material that are thick enough 
to test in a three-point bending configuration, even when starch is one component of the binder system. The 
flexural properties are compared with the tensile properties. The coating formulations were applied to three 
different paper grades. The propensity of the coating layers to fail or pick during printing of these coated 
paper grades is reported and discussed.  
2.3 Materials and Methods: 
2.3.1 Production of free-standing coating films  
Free standing films were prepared with fine GCC (Covercarb HPL 70.5 OMYA, Johnsonburg, PA, 
USA) as coating pigment and styrene-butadiene copolymer latex (Genflo 5086 OMNOVA, Calhoun, GA, 
USA) with low Tg (5℃), and ethylated starch (Ethylex 2025 Tate & Lyle, Houlton, ME, USA) as binders 
of coating formulations. Three different mixing ratios of pigment and latex, 78% pigment volume 
concentration (PVC) (90% pigment and 10% latex based on weight), 62% PVC (80% pigment and 20% 
latex based on weight), and 42% PVC (70% pigment and 30% latex based on weight) for latex binder 
systems were used. For starch-containing formulations the same pigment volume concentrations of 78% 
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PVC (90% pigment, 8% latex and 2% starch or 90% pigment, 6% latex and 4% starch based on the weight), 
62% PVC (80% pigment, 16% latex and 4% starch or 80% pigment, 8% latex and 12% starch based on the 
weight) were used. The solids content of all formulations were between 60% and 65% based on weight.  
The pigments and latex were mixed for 20 min with a shear mixer at 600 rpm. After this mixing, 
they were mixed at a lower speed, about 220 rpm for an additional 10 min to remove air bubbles in the 
mixtures. The starch was cooked by using a standard starch cooker for 60 minutes at 90℃ at 25% solids 
before it was mixed into the coating formulations.  
Free standing films of coating formulations were prepared using a Gardco Micorm II Film 
Applicator (Pompano Beach, FL, USA) on a porous cellulose acetate membrane (0.2 μm pore size, 
Sterlitech Corporation, Kent, WA, USA). After applying the coating formulation on the membrane, it was 
placed in a laboratory oven at 40℃ for about 20 min. With a razor blade, sides of the semi-dried films were 
cut to prevent cupping and cracking caused by dissimilar drying rates on the edges. A fresh membrane was 
placed on the semi-dried films’ top surface and the films were turned over so they would dry from the other 
side under the same conditions for another 20 min. Slowly and carefully, the first membrane was peeled 
from the film and after another 10 min the second membrane was carefully removed. The free standing-
films were dried in the oven for another 20 min at 40℃. Drying the films at high temperature, not removing 
the sides when the film is semi-dried and not peeling the membranes would result in large or small cracks 
in the final dried films making them difficult to test. A schematic of the free-standing film production 
method is presented in Figure 2.1.  
The addition of starch to the formulations as part of the binder system made this process more 
sensitive to the moisture content of the films, drying time, the drying speed and prone to crack. Using the 
same timing and temperature all the films cracked before drying. Therefore, for starch-containing 
formulations, the oven temperature was reduced to 30℃ for about 10 min, edges were cut with the same 
method (Figure 2) but this time after placing a membrane on the films they were dried in the oven for only 
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Figure 2. 1 Schematic of the method developed for production of free-standing coating layer. 
8 min, and semi-dried films were air dried for about 15 min. Pure binder films of latex-starch and pure latex 
were prepared with the same film applicator on release paper.  
 
 
 
 
 
 
 
 
    
  
2.3.2 Mechanical properties 
To measure tensile properties of pigment-latex films, eight specimens per formulation were 
prepared and tested using an Instron 5966 universal testing machine according to ASTM D 638-14, at a 
cross-head speed of 5mm/min. Strips were about 120mm in length, 15mm in width and 1.2mm in thickness. 
Tensile stress was calculated by dividing force by the cross section area of the sample. Tensile strain was 
calculated as extension divided by the gauge length of the sample (80 mm). Tensile properties of pure 
binder films were measured with the same method. In formulations that had starch as part of their binding 
system, the samples were so brittle that before running the instrument all the samples broke quickly within 
the grips that held them. Different types of grips and methods were used but none of them was successful. 
Therefore, tensile properties of starch-containing films were not reported.  
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To measure the flexural properties of the samples in 3-point bending configuration, eight strips of 
the films per formulation were cut. This test was done using the same Instron machine according to ASTM 
D790-14 at a cross-head speed of 5 mm/min and span length of 80 mm. Strip dimensions were about 100 
mm in length, 15 mm in width and 1.2 mm in thickness. This span-to-depth ratio, 67 for these samples,  is 
important to minimize the amount of shear deformation. The flexural stress and strain are calculated as  
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where σf is the flexural stress, P is the load or force at any point, L is the span, f is the flexural 
strain, D is the deformation at the center of the sample, b is the width of the sample and d is the thickness 
of the sample. The stress-strain curves generally had a more or less initial linear portion enabling the 
calculation of modulus values. For pure binder films, because they were so thin and light weight, flexural 
properties could not be measured. 
The same coating formulations were applied on three types of paper with different basis weights of 
75, 120 and 200 g/m2. Using an AIC 2-5 IGT-printability tester (IGT Testing Systems Pte. Ltd. Singapore), 
pick resistance was measured. Because these un-calendered samples differed only in basis weight and were 
coated with the same coating formulation at the same coating weight, they were expected to have similar 
surface roughnesses. Papers were cut into 5cm strips and the maximum velocity before picking was 
measured using different standard oils at 25°C that had low (14.5 Pa.s), medium (44 Pa.s) or high (92 Pa.s)  
viscosities. Some samples picked using the medium viscosity oil, but others required the high viscosity oil. 
The velocity multiplied by the viscosity defines the velocity-viscosity product and was used in the 
evaluation of picking. Often, the samples showed paper delamination after the start of picking, but the 
velocity-viscosity product at the onset of picking is reported here.  
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Scanning electron microscope (SEM) images were taken from cross sections of free standing 
coating formulations with an AMRAY 1820 SEM, at 10 keV at different magnifications, prior to which the 
samples were sputter coated with gold/palladium for 90 sec to obtain a thin coated layer of 35 nm on SEM 
samples. Also images of the surface of coated papers were taken before and after picking to have a better 
understanding of picking mechanism using a HITACHI Tabletop TM 3000 SEM (Hitachi America, Ltd. 
New York, NY, USA.)  
2.4 Results and Discussion: 
2.4.1 Tensile and flexural properties of free-standing films 
Figure 2.2 shows representative stress-strain curves obtained from tensile testing on pure binder films of 
latex-starch combinations with different starch content. For the pure latex film (data not shown) and the 
80L+20S (80% latex and 20% starch based on weight) film the tensile test was stopped manually because 
these films were so compliant that they reached the ultimate travel distance of the equipment and did not 
fail, but the two other films failed during the test. The pure latex and those with lower starch content had 
larger strains at failure points as expected. A considerable improvement in the tensile modulus and stress 
at failure of SB latex is observed when starch is added. The highest slope and maximum stress were obtained 
for the formulation with 40% starch. Strain at failure was reduced accordingly.  
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Figure 2. 2 Comparison of the results of tensile test on pure binder films of latex-starch formulations. 
 
 
 
 
 
 
 
 
 
The magnitude of the elastic modulus, the tensile stress and the strain to failure for pure binder 
films are given in Table 2.1. The tensile modulus of the films increased with adding starch to the film, with 
more starch in the formulations, the modulus increased more. Stress at failure of the films increased with 
adding starch to the formulations, but strain at failure decreased.  
Table 2. 1 Elastic modulus, stress and strain at failure in tension for latex and latex-starch pure binder films. 
 
Modulus 
 (MPa) 
Stress at failure 
 (MPa) 
Strain at failure 
(mm/mm)  
Pure Latex 3.4 NA NA 
80% Latex-20% 
Starch 150 NA NA 
60% Latex-40% 
Starch 160 4.8 0.23 
40%Latex-60% 
Starch 390 11 0.07 
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Figure 2. 3 Comparison of the results of tensile test on free-standing films of 78%, 62% and 42% PVC. 
Figure 2.3 shows a comparison of the representative stress-strain graphs obtained from tensile tests 
for the 78%, 62% and 42% PVC pigmented formulations containing latex as binder. The 62% PVC sample 
had both higher slope (elastic modulus) and maximum stress (tensile strength) properties in comparison 
with the 78% and 42% PVC samples. This concentration can be considered to be close to the CPVC (Critical 
Pigment Volume Concentration) point. Therefore, this result is in agreement with those that report that the 
maximum elastic modulus in tension is obtained near CPVC (Raman et al. 1998 and Zhu et al. 2014). Also 
as expected, the low PVC case had a much larger strain-to-failure, almost 10 times larger. The initial slope 
of these curves defines the elastic modulus.  
 
 
 
 
 
 
 
 
 
 
Figure 2.4 shows representative flexural stress-strain curves of free-standing pigment latex films. 
Because it was suspected that the top and bottom sides of the free-standing films might have a different 
binder content, flexural samples of each formulation were divided into two groups. In one of the groups, 
samples were placed on testing fixture while the top side, as defined as when it was first formed, was faced 
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Figure 2. 4 Representative flexural stress-strain curves for different pigment latex formulations and the effect of 
bending direction. 
up (top-side-up); this results in the top side undergoing compression and the bottom side being exposed to 
tension. In the other group, samples were placed on the testing fixture while the bottom side was faced up 
(top-side-down); in other words, the top side of the sample was under tension. 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 shows there was a considerable difference between top-side-up and top-side-down 
configurations of the tested films for the 62% PVC formulation whereas the difference between top-side-
up and top-side-down samples of the 78% and 42% PVC formulations was more pronounced. Figure 4 also 
shows that the 62% PVC samples had higher elastic modulus which can be explained based on the CPVC 
point in these films. Since bending involves tensile and compression, it appears reasonable that the highest 
tensile modulus also translates into the highest bending resistance. It was observed that the 42% PVC 
samples which were high in latex, did not fail or crack during the test due to the high ductility. The lower 
strain at failure at lower PVC is not expected. However, no previous publication has presented flexural data 
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therefore a direct comparison may not be possible. It is possible that the complexity of bending phenomenon 
which involves both tension and compression can be a factor here.  
The magnitude of tensile and flexural modulus, and stress and strain to failure for pigmented films 
are given in Table 2.2. For the 42% PVC samples, as mentioned previously, no failure was observed in 
bending test that lead to no results for the strain at failure and the flexural strength. The elastic modulus for 
the 62%PVC and 78%PVC samples were close, but the 62% PVC samples had the highest modulus in 
comparison with the two other formulations. Tensile and flexural test results showed the same trend in that 
the 62% PVC values were larger than the other concentrations; this agrees well with the tensile behavior 
reported near the CPVC by others (Zhu et al., 2014). Stress and the strain at failure for bending were larger 
than the results for tension. The reason for this difference is not clear, but it may relate to inhomogeneity 
of these systems or that the bending test is more forgiving to fine defects in the samples.       
 
 
 
Table 2. 2 Tensile and flexural modulus, stress and strain at failure of free-standing pigmented coting films. 
Standard deviation of eight samples is given in parentheses. 
Formulation Modulus (GPa) Stress at Failure (MPa) Strain at Failure (mm/mm) 
Tension Bending 
Top 
Bending 
Bottom 
Tension Bending 
Top 
Bending 
Bottom 
Tension Bending  
Top 
Bending 
Bottom 
78%PVC 1.8 
(0.35) 
1.8 
( 0.34) 
1.64 
(0.26) 
4.5 
(0.97) 
9.2 
(1.1) 
7.7 
(1.1) 
0.013 
(0.0087) 
0.031 
(0.0023) 
0.033 
(0.0048) 
62%PVC 1.8 
(0.27) 
3.04 
(1.46) 
1.7 
( 0.60) 
8.3 
(1.6) 
20 
(8.7) 
16 
( 7) 
0.009 
(0.00021) 
0.0274 
(0.013) 
0.092 
(0.047) 
42%PVC 0.20 
(0.65) 
0.57 
(0.08) 
0.47 
(0.10) 
3.0 
(0.57) 
NA NA 0.25 
(0.0019) 
NA NA 
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Figure 2. 5 Thermogravimetric analysis (TGA) on the top side and bottom side of the films used as measure 
of binder content. 
A considerable difference was observed between top and bottom side of samples for the 62% PVC 
formulation, but there was little difference for the other concentrations. The top side of the samples seemed 
to be glossier that might indicate a higher binder concentration than at the bottom. This would result in the 
bottom surface depleted of binder resulting in a stiffer layer that undergoes tensile deformation in the test. 
This non-uniformity may be linked to the behavior. However, the results of thermogravimetric analysis 
(Figure 2.5) showed that the top and bottom compositions of this sample were quite similar. Since the 
minerals in the coating formulation are thermally stable within the temperature range of the TGA 
experiment, the weight loss observed is attributed to the binder content. As seen in Figure 2.5, the weight 
loss for both top and bottom sides of a 20% latex formulation are relatively similar indicating little binder 
migration. This was also previously reported (Hashemi Najafi et al., 2016) and therefore the reason for this 
difference is presently unknown.  
 
 
 
 
 
 
 
 
Figure 2.6 shows the results of flexural testing on free-standing coating films of formulations 
containing pigment, latex and starch for78% PVC (90%P-6%L-4%S and 90%P-8%L- 2%S) and 62% PVC 
(80%P-12%L-8%S and 80%P-16%L-4%S). The flexural properties of films with latex-starch binder system 
and pure latex binder system showed the same trend. In general, flexural modulus of these films increased 
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Figure 2. 6 Representative stress-strain curves obtained from flexural tests on different pigment 
latex-starch formulations. 
in comparison with the latex binder films, which can be explained by having starch in the binder system; 
adding starch to the coating formulation will lower the strain at failure and elongation in the films (Oh et 
al., 2015). As it has been mentioned before, with having starch in the formulations, the films became more 
sensitive and brittle so making flat films with higher content of starch was difficult and sometimes 
impossible. Therefore, tests could be conducted on the 78% PVC and 62% PVC films only.  
 
 
 
 
 
 
 
 
 
 
 
The measurements of pigment latex-starch films for flexural modulus, stress and strain at failure 
are presented in Table 2.3. There were not considerable differences between top and bottom side of the 
films; stress and strain at failure for both sides were within the standard deviation. There were significant 
differences in mechanical properties depending on top and bottom side configurations when only latex was 
used as a coating binder. However, the differences in the mechanical properties were reduced when some 
part of latex was replaced with starch. One possible reason could be that starch molecules increase the 
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viscosity of the aqueous phase and form a network between the coating components that leads to a uniform 
distribution of binder within the sample. The modulus at 62% PVC was larger than that for the 78% PVC 
as well as the stress at failure. The strains at failure for these brittle samples were all less than 1%. Tensile 
tests on these samples were not possible because the samples would usually break upon clamping, even 
when other methods were attempted to mount the samples into the device. Also, samples at 48% PVC were 
not possible to run in the bending test.   
 
Table 2. 3 Flexural modulus, stress and strain at failure for starch-containing films. Standard deviation of eight 
samples is given in parentheses. 
 Flexural Modulus (GPa) Stress at Failure (MPa) Strain at Failure (mm/mm) 
Top Bottom Top Bottom Top Bottom 
78%PVC 
(80L-20S) 
3.13 
( 0.64) 
3.01 
(0.53) 
9.85 
(1.26) 
10.01 
(1.56) 
0.0058 
(0.0009) 
0.0055 
(0.0011) 
78%PVC 
(60L-40S) 
1.38 
(0.43) 
1.55 
( 0.34) 
3.8 
(0.83) 
4.11 
( 0.53) 
0.0049 
(0.0006) 
0.0043 
(0.09) 
62%PVC 
(80L-20S) 
3.7 
(0.03) 
3.6 
(0.6) 
18.8 
(3.04) 
20.3 
(2.6) 
0.0063 
(0.001) 
0.0076 
(0.0009) 
62%PVC 
(60L-40S) 
5.15 
(0.45) 
4.31 
(0.92) 
18.52 
(0.74) 
17.83 
(2.85) 
0.0041 
(0.0006) 
0.005 
(0.0004) 
 
In comparison with the results of the pure latex binder system, the elastic modulus of the films that 
contained starch was around a factor of two larger. This result was not expected in that the films of starch-
latex, with no pigments, had elastic moduli that were almost 50 times higher, as shown in Table 2.1. For 
example, the elastic modulus of the 60% latex-40% starch film was five times larger than the pure latex 
film. The maximum stresses for latex-starch systems were similar in magnitude to the pure latex binder 
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case, except for the 78% PVC case with 60% latex- 40% starch, where the maximum stress was about half 
of the 78% PVC case with pure latex binder. The strain at failure for all of the starch-containing films was 
less than 1%; this shows the brittle nature of these films.  The strain at failure of the binder films decreased 
by a factor of 50% while it decreased 10% for the composite films.  
The flexural properties of the starch containing coatings are challenging to explain, but others have 
observed similar trends for layers tested in tension (Zhu et al. 2014). Elastic modulus of composite materials 
can often be approximated by the rule of mixtures (Prall et al 2000 and Mirbagheri et al. 2007).  It was 
attempted to predict the elastic properties of some pigmented coating formulations with rule of mixture 
calculations using the elastic modulus of the pigments and pure binder films but the results were not 
satisfactory. The CPVC point in the pigmented formulations at which all the voids in the film have been 
filled with binder seems to be a factor. It is evident that in these free-standing coating systems, the presence 
of voids above and below CPVC makes the rule of mixtures models unusable as voids are not taken into 
the account.  
2.4.2 Effect of coating formulation on the performance of coated paper 
Results of picking tests for samples having latex and latex-starch combinations as binder in the 
coating formulations are shown in Table 2.4. Samples with 78% PVC coating failed with low viscosity 
picking oil for all base papers. For samples with 62% PVC coating, in 75 g/m2 and 120 g/m2 papers failure 
happened with medium viscosity oil, and for 200 g/m2 paper failure happened with the high viscosity oil. 
In general, having more binder in the coating formulations, either of latex or latex-starch, the velocity-
viscosity product increased. The velocity-viscosity product of different coatings decreased when starch was 
added to the formulations. Papers with basis weight of 200 g/m2 and 75 g/m2, with air resistance of 62 
Gurley seconds and with 27 Gurley seconds, respectively, were not calendered, while the 120 g/m2 papers 
with 143 Gurley second were calendered. Therefore, the coating could be absorbed better on the first two 
base papers and pick viscosity-velocity was much higher compared with calendered base paper. There was 
not a clear correlation between the picking results of these coated papers and the elastic moduli or the 
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maximum stress of the coating layers.  However, there appears to be a positive correlation between the 
strain to failure of the coating layer and the velocity-viscosity result.  The largest velocity-viscosity product 
was for the pure latex binder case at 62% PVC: this case had a similar elastic modulus and maximum stress 
compared to other systems, but its strain at failure was the largest. The starch-containing coatings all had 
lower velocity-viscosity products compared to the latex-only coatings and they also had strain at failure 
values of less than 1%. These results indicate that the strain at failure is the most important mechanical 
property that relates to picking during printing.  
 
Table 2. 4 Pick viscosity-velocity product of different coating formulations on different base papers, before fixing and 
after fixing with double sided tape. 
Coating formulation Pick Viscosity Velocity Product (kg/s2 ) 
75 g/m2 Paper 120 g/m2 Paper 200 g/m2 Paper 
Fixed Unfixed Fixed Unfixed Fixed Unfixed 
78% PVC (90P-10L) 130 97.5 76 49 114 78 
78% PVC (90P-8L-2S) 110 74 66 40.5 109.5 74 
62% PVC (80L-20L) 332 308 214 191 305 292 
62% PVC (80P-16L-4S) 318.5 245 193 154.5 367.5 202 
 
Also, as part of this study and to have a better understanding of picking test, some of the samples 
were fixed to the roller of the picking test device using double sided tape. The purpose of this test was to 
minimize the bending of the paper sample as it exits the printing nip. The picking resistance of the same 
samples were evaluated again to see if there were any changes. The results are shown in Table 2.4. Fixed 
samples showed higher picking resistance in comparison with unfixed samples. However, the starch 
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Figure 2. 7 SEM images of the surface of 200 g/m2 paper coated with 62% PVC coating, (a) coated 
surface, (b) picking test spot, (c) peeling spot, (d) schematic of forces applied to the coated paper during pick test. 
containing samples still picked before the latex-only coatings. This result again shows the importance of 
the brittle nature of these coatings related to picking compared to the elastic modulus.  
2.4.3 Morphology of coating layers and picked areas 
To better understand picking mechanism, the surfaces of different coated papers after picking were 
imaged using SEM. Figure 2.7 shows different parts of a 200 g/m2 base paper surface that had been coated 
with the 62% PVC formulation; Figure 2.7a shows the coated part, Figure 2.7b shows the picking start point 
and Figure 2.7c shows an area where the coating layer was peeled off in the picking tests. Figure 2.7d 
presents a schematic of the IGT pick test.  
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Figure 2. 8 SEM images of cross section of (a) 78% PVC coating and (b) 42% PVC coating films both with pure 
latex as binder. 
With SEM images before and after the picking test, it was concluded that the picking test results 
were mostly based on the failure of the coating layer and base paper at their interface (adhesive failure) not 
the coating layer itself (cohesive failure), and as the test progresses, peeling or delamination of paper which 
is a failure in the base paper might occur in some cases. Cross sections of the same samples were also 
imaged using SEM. Figure 2.8 shows the cross sections from 78% and 42% PVC formulations. As SEM 
images show, in the 78% PVC sample, the pigment particles were distributed normally. On the other hand, 
in the 42% PVC with higher latex amount, a better film formation was achieved. Nevertheless, no other 
specific changes were observed.   
 
 
 
 
 
 
 
During printing, the ink tack forces are expected to cause the paper to deform, regardless of the 
strength properties of the paper and the coating layer. Finite element analyses of this situation show this 
bending of the paper sheet at the exit of the printing nip (Hallback et al., 2006). Therefore, the coating layer 
flexes to some degree at the exit of the printing nip. If the flexing leads to a crack, then the crack can 
propagate to the coating-paper interface, leading to coating adhesion failure. Therefore, the elastic modulus 
of the coating layer does not appear to be as important as the strain to failure when it comes to resisting 
cracking and failure at printing.   
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2.5 Conclusions 
A novel method to produce free-standing paper coating layers suitable for bending tests is reported. 
The flexural modulus of coating layers followed the same pattern as the tensile modulus, but the flexural 
stress and the strain to failure were larger in bending than in tension. The samples showed similar flexural 
moduli in both directions for pure latex and latex-starch binding systems except for the 62% PVC for the 
pure latex binder formulation. Starch-containing formulations had higher elastic moduli and maximum 
stress values than the latex-only systems, but lower strain at failure values. Picking results showed that 
starch-containing formulations had a lower picking velocity-viscosity product than the pure latex 
formulations:  picking propensity depends on the strain at failure of these systems and not the elastic 
modulus or the stress at failure.  SEM images of picking samples showed that the failure was often at the 
coating-paper interface; this result indicates that the adhesion of the coating layer to the paper is at least as 
important as the mechanical strength of the coating layer.   
  
31 
 
CHAPTER 3 
CRACKING AT THE FOLD IN DOUBLE LAYER COATED PAPER: 
THE INFLUENCE OF LATEX AND STARCH COMPOSITION 
3.1 Chapter summary 
Cracking at the fold of publication and packaging paper grades is a serious problem that can lead 
to rejection of product. Recent work has revealed some basic mechanisms and the influence of various 
parameters on the extent of crack area, but few studies are reported using coating layers with known 
mechanical properties, especially for double-coated systems. In this study, coating layers with different and 
known mechanical properties were used to characterize crack formation during folding. The coating 
formulations were applied on two different basis weight papers and the coated papers were folded. The 
binder systems in these formulations were different combinations of a styrene-butadiene latex and mixtures 
of latex and starch for two different pigment volume concentrations (PVC) with known mechanical 
properties. Both types of papers were coated with single and double layers. The folded area was scanned 
with a high resolution scanner while the samples were kept at their folded angle. The scanned images were 
analyzed within a constant area. The crack areas were reported for different types of papers, binder system 
and PVC values. As PVC, starch content, and paper basis weight increased, the crack area increased. Double 
layer coated papers with high PVC and high starch content as the top layer had more cracks in comparison 
with a single layer coated paper, but when the PVC of the top layer was low, cracking area decreased.  No 
measurable cracking was observed when the top layer was formulated with a 100% latex layer.  
3.2 Introduction: 
Coated paper or paperboard is subject to different mechanical stresses such as tension during 
printing and bending during folding. One serious defect is called crack at the fold, where cracks in the 
coating layer form along the folding region of a folded product. While the understanding of this defect has 
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improved in recent years, more work is needed to understand the influence of the mechanical properties of 
the paper and the coating layer, on the cracking problem.   
Many studies have been reported that evaluate the mechanical properties of paper coatings. For 
example, the pigment particles shape influences the in-plane tensile and the z-direction strength of coating 
layer (Husband et al. 2006 and 2007). The effect of latex binder content on the mechanical properties of 
coating was reported by other researchers (Prall et al. 2000 and Raman et al. 1998): increasing the PVC in 
the coating formulations showed tensile strength increases up to the critical pigment volume concentration 
point (CPVC) beyond which tensile strength decreases. These changes showed different mechanisms are 
involved before and after CPVC. Composite models were not able to predict the influence of binder content 
on mechanical properties.   Studies show the influence of using starch and latex in the coating formulation; 
increases in starch content improves the tensile strength of the coating but decreases the elongation at break 
(Chen et al., 2014). In other studies, paper coating elastic moduli in tension and compression were evaluated 
(Alam et al., 2007). In tensile modulus of coating formulations, there was a maximum value when hard or 
soft latex was used, but in compression, this trend was not observed, which can be contributed to the role 
of pigments in resisting load. The amount of latex had an important role in the compression mode. Using 
some models to predict these mechanical properties also showed that compression properties can be 
predicted by a Voigt model, but the rule of mixtures for tension was not applicable. In a study (Alam et al., 
2010) suggests mixing rules that seem to predict these mechanical properties. The influences of binder and 
dispersants are summarized by others(Toivakka et al., 2015). 
The role of pigment type, amount of latex, and folding direction on cracking at the fold have been 
documented (Oh et al. 2015, 2016 and Rättö et al. 2011).  Kaolin-based pigmented coating formulations in 
comparison with ground calcium carbonate (GCC) pigments had larger cracks. For kaolin-based coatings, 
cracks propagate at an angle through the coating layer while GCC coatings had cracks that were 
perpendicular to the coating layer.  Paper folded in cross machine direction showed larger cracking 
compared with those folded in the machine direction.  
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The Finite Element Method (FEM) has been used to understand the folding event and to optimize 
the crack performance of multi-layer coatings. In one study (Barbier et al., 2005), it was found that shear, 
tension and compression stresses are present in the folding areas of  coated paper.  Others (Alam et al. 2009 
and Saliman et al. 2008) optimized the balance between cracking at the fold and stiffness by the use of 
triple coating layers: a thin stiff layer as a base coating layer, a second flexible and thick layer, and a thin 
stiff top coating layer was found to be the optimum combination.  For modeling purposes, the coating layers 
were assumed to be perfectly elastic materials in both tension and compression modes. The results were 
compared with pilot trials of another study (Saliman et al. 2008).  In these models, the coating layer was 
treated as a continuum material.     
Discrete element methods (DEM) were used to predict the failure in the coating layer model 
considering binder properties and pigment volume concentration (Varney and Bousfield, 2018). The binder 
properties were used to predict the pigment-pigment force transmission as regions undergo tension or 
bending. Cracking is predicted if the local strain exceeds the strain at failure of the binder system.   
In all past work related to cracking at the fold, the mechanical properties of the coating layers were 
not reported quantitatively. In this study, the degree of cracking of two types of paper coated at two different 
binder contents with binder systems that include different ratios of latex to starch are quantified. The 
mechanical properties of these coating layers are known and given in a recent paper (Hashemi Najafi et al., 
2018). The cracking area of the folded papers was evaluated within single layer coated papers and double 
layer coated papers. Cracking area of different coating formulations are compared and reported for different 
basis weight papers. Effort has been made to explain observations using the mechanical properties of the 
coating layers as well as those of the base paper.  
3.3 Materials and Methods: 
Coating formulations, with different pigment and binder ratios were prepared to apply on the base 
papers. These coating formulations were combinations of GCC (Covercarb HPL 70.5 OMYA, Florence, 
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VT, USA) as coating pigment and styrene-butadiene copolymer latex (Genflo 5086 OMNOVA, Green Bay, 
WI, USA) with low Tg (5℃), and ethylated starch (Ethylex 2025 Tate & Lyle, Houlton, ME, USA) as 
binders. Papers were coated at two different PVC ratios, 78% PVC (90% pigment and 10% latex based on 
weight) and 62% PVC (80% pigment and 20% latex based on weight), when the binder was pure latex. 
Similar coatings were formulated as the same PVCs with starch replacing part of the binder system. These 
were 78% PVC (90% pigment, 8% latex and 2% starch – or 90% pigment, 6% latex and 4% starch based 
on the weight) and 62% PVC (80% pigment, 16% latex and 4% starch or 80% pigment, 8% latex and 12% 
starch based on the weight). . The starch was cooked prior to the mixing, by using a standard starch cooker 
Sterco#4 (Sterling, Il, USA) for 60 minutes at 90℃ at 20% solids content. The pigment, latex and starch 
were mixed for 20 min using a shear mixer at 300 rpm prior to application.  The mechanical properties of 
free-standing coating layers produced from these formulations obtained in a three-point bending test are 
given in Table 3.1. Details of the coating layer preparation and testing methods are presented in (Hashemi 
Najafi et al., 2018). In these coating layers, as starch content increases, the elastic modulus, flexural 
modulus, and stress at failure all increase, but the strain at failure decreases. 
Table 3. 1 Flexural properties of coating formulations for 78% and 62% PVC [17].  Starch content is based on weight 
of the total binder weight. Numbers in brackets are the standard deviation of the measurement. 
PVC (%) Starch content (%)  Flexural modulus (GPa) Stress at failure (MPa) Strain at failure (%) 
78 0 1.8 
(0.35) 
9.2 
(1.1) 
3.1 
(0.23) 
78 10 2.1 
(0.75) 
9.3 
(0.9) 
0.46 
(0.06) 
78 20 3.13 
( 0.64) 
9.85 
(1.26) 
0.58 
(0.09) 
78 40 1.38 
(0.43) 
3.8 
(0.83) 
0.49 
(0.06) 
62 0 3.04 
(1.46) 
20 
(8.7) 
2.74 
(1.3) 
62 10 3.1 
(0.85) 
18.5 
(2.1) 
0.89 
(0.91) 
62 20 3.7 
(0.03) 
18.8 
(3.04) 
0.63 
(0.1) 
62 40 5.15 
(0.45) 
18.52 
(0.74) 
0.41 
(0.06) 
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These coatings were applied on two types of base paper, Paper A (200 g/m2 basis weight, air 
resistance of 143 Gurley seconds) and Paper B (120 g/m2 basis weight, air resistance of 62 Gurley seconds). 
The mechanical properties of these two base papers are presented in Table 3.2. Papers were coated with a 
BYK automatic film applicator (Rochester Hills, MI, USA). Each coating layer was about 25 g/m2. After 
applying a coating layer, papers were dried in a lab oven at 105°C for 10 min. After a single layer coating, 
some samples were coated with a second layer on top of the first coating layer, the second layer coat weight 
was also about 25 g/m2. The double-coated papers were also dried in the lab oven for another 10 minutes. 
For comparison, a second layer of pure latex was applied on single layer coated papers with 78% or 62% 
PVC. The coat weight of a second layer of pure latex was approximately 16 g/m2.  
 
  
 
To study the effect of coating composition on cracking at the fold, for each base paper and coating 
formulation, four samples of 50 mm by 80 mm were prepared for both machine direction (MD) and cross 
direction (CD). All coating layers, first or second layer, were applied in the machine direction of papers to 
minimize any effect of coating layout formation.   
As other researchers have suggested (Oh et al. 2016 and Rättö et al. 2011), to have a better 
observation of cracking at the folding line, the samples were spray painted with a black color to improve 
the contrast of the cracks in the folding area, without affecting the properties of the coating layer. All painted 
samples were folded with a lab folding machine (model: NPA 6, Burlington, MA, USA) at 180° at room 
temperature.  
Table 3. 2 Physical and mechanical properties of base papers 
Paper Base Weight 
(g/m2) 
Thickness 
(microns) 
Porosity 
(Gurley Sec.) 
Tensile Modulus 
(MPa) 
Tensile 
strength 
(MPa) 
Max tensile 
Strain 
(%) 
A 200 400 143 115.5 5.5 11 
B 120 240 62 167.7 6.4 7.5 
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Figure 3. 1 A schematic drawing of the stand used to keep the folded samples at the folding angle while scanning. 
All the folded samples, in MD and CD directions, were scanned with a high resolution EPSON 
V370 scanner (model: J232D, Suwa, Nagano, Japan). To assure the cracking area and openings were still 
in their place while scanning, a stand depicted in Figure 3.1 was used to hold the samples at the folding 
angel during scanning. Images were analyzed in a constant area with the help of Image-J software. Figure 
3.2 shows a typical image where multiple cracks are formed in the coating layer and the steps for crack area 
calculations.  Images of cross sections and cracked areas in the folded samples were also taken after folding, 
while kept at their folding angle, using a HITACHI Tabletop TM 3000 SEM (Hitachi America, Ltd. New 
York City, NY, USA.)  
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Figure 3.2 Image analysis to quantify the cracking area. The image belongs to the folded sample of 78%-
62% PVC double layer coating, on base paper B in the machine direction. 
 
 
 
 
 
 
 
 
 
 
Bending stiffness of all coated papers were also evaluated with a Taber stiffness tester V-5 (Taber 
industries, North Tonawanda, NY, USA). All samples were conditioned (60% RH and 25 °C) for 24 hours 
prior to the test. Four samples were cut from each coated paper formulation and tested. 
3.4 Results and Discussion: 
Figure 3.3 summarizes the effects of PVC, starch content and paper type on cracking area of single 
coated layer samples. There is a considerable difference between two PVC levels for both types of coated 
papers, but the difference between papers A and B is small. In general, paper B showed less cracking area 
compared with paper A. Paper A, is a thicker paper than paper B, and has higher base weight. Studies on 
the effect of base paper on cracking (Oh et al. 2016 and Rättö et al. 2011) showed that thicker papers have 
a larger radius at the folding curvature, resulting in a larger strain at the folding area. This increase in strain 
at the folding area would result in more cracking of the coating layer. With increasing the starch amount in 
the binding system within the same PVC, the cracking area increased significantly for both paper A and 
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paper B and showed the same trend. However, at 78% PVC because it is a stiffer coating film, it was 
expected to have more cracking (Oh et al. 2016 and Alam et al. 2009). The binding system of these 
formulations were combinations of different latex and starch ratios. The latex that has been used in these 
formulations (S/B latex) had a low Tg and part of that was replaced with starch in some formulations. It was 
found that cracking area increased at the folding line with increasing the starch content of the coating 
formulations: this agrees well with recent results of others (Oh et al. 2016). As starch is included in the 
binder system, the coating layers increase in elastic modulus and maximum stress in the three-point bending 
tests, given in Table 3.1.  However, this increase in properties does not improve crack resistance. Instead, 
the decrease in the strain at failure with increase in starch content explains the results.  Strain-based cracking 
can be used to explain this increase of cracking in coated papers. There are fewer cracks in the folding line 
but the cracks became larger, this pattern was also observed in other studies (Rättö et al.,2010).  
 
Figure 3. 3 Effects of PVC, starch content and paper type on cracking area in MD for single-layer coated papers. 
For double coated samples that had 78% PVC in top and bottom layers, the cracking is serious and 
the crack areas are large, especially when starch is present in the coatings. The crack areas were generally 
more than the single coated systems. The quantitative results are not reported here. In double layer coated 
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papers, for both paper A and paper B, when the papers were coated with a 78% PVC formulation as the 
first coating layer and either pure latex or 68% PVC second layer, the crack area has a complex behavior 
shown in Figure 3.4.  Changes in the starch content of the binding system for the first coating layer did not 
show a considerable change in the cracking area, but change in the starch content of the second layer had a 
large effect.  This result is the same as what is reported by other researchers (Oh et al., 2016).  Again the 
decrease in the strain to failure of the starch-rich coating layer of the top coating correlates with the increase 
in crack area.    
 
Figure 3. 4 Comparison of results in cracking area between two types of papers, A and B, with different amounts of 
starch in their double layer coating formulations, 78% PVC bottom layer, 62% PVC top layer. 
Comparing Figs. 3.3 and 3.4, the crack area of a high starch content 78% PVC decreases a 
significant amount by coating a second layer that has a 62% PVC, even if it contains a significant amount 
of starch. This decrease is even more pronounced when the second coating layer is low in starch. For 
example, the crack area of 40% starch at 78% PVC, is around 20%.  When this coating layer is covered by 
a 62% PVC coating that contains only latex, the crack area is reduced to 9%.   
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Figure 3. 5 Comparison of results in cracking area between two types of papers, A and B, with different amounts of 
starch in their double layer coating formulations, 62% PVC bottom layer, 78% PVC top layer 
Figure 3.4 also demonstrates that coating with a high starch containing first layer, when coated with 
a pure latex layer, reduces the crack area even further.  The flexural properties of the pure latex film could 
not be obtained in the bending tests, but in tensile, the strain to failure is over 300%.  Therefore, this high 
strain at failure of the top coating layer reduces crack area to a large extent.    
The results for the 62% PVC as the bottom layer, which is coated with 78% PVC as a top layer, are 
shown in Figure 3.5. When the top coating layer is pure latex or a latex rich coating layer, the crack area is 
low. However, once starch is added in the second coating layer, the crack area increases to a great extent.  
For example, the crack area of the first layer increases from around 7% for a single layer at 62% PVC and 
40% starch, to 40% crack area for the same coating covered with a 78% PVC coating that contains 20% 
starch.  Again, the increase in the flexural modulus would indicate a stiffer top layer, but the decrease in 
the stain to failure of the top layer, with the starch addition, correlates well with the results.    
 
 
 
 
 
 
 
 
Similar to Figure 3.4, Figure 3.5 also shows the decrease in crack area to almost nothing for the 
pure latex coating. This suggest one method to reduce cracking would be to apply extra latex to regions that 
are to be folded.   This application potentially could be done in the converting operation. Therefore, instead 
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of using latex everywhere in the top coating layer, it can be applied only to regions where folds are expected 
to occur.  
In the double layer coated samples with 62% PVC as the first coating layer and 78% PVC as the 
second coating layer, cracking area increased as the starch:latex ratio increased in the first layer of coating, 
but for the reverse situation, the crack area did not depend a great deal on the starch content of the first 
layer. The 78% PVC coating is porous and when cracking occurs, it likely can fragment in compression.  
The 62% PVC coating is near the critical pigment volume concentration and has minimal pores. When the 
62% PVC coating is compressed and cracks, there is no region to absorb energy and hence the top layer is 
forced to deform and crack.  
This behavior can be better explained with some SEM images taken from the samples shown in 
Figure 3.6. Having 62% PVC as the first coating layer and applying a ductile layer on top of it, the image 
analysis did not show much cracking area in the fold line, but the SEM images show that the first layer can 
play the role of a sacrificial layer that cracks but the second layer helps hold together the layer that has 
many cracks. In other words, although cracks are present in the top layer, they are not large and visible to 
the optical images.   
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Figure 3.6 SEM images of double coated samples. Top: 78%-62% PVC samples at 100X on the cross 
section of folded paper (left) and a 200X on the cracking area (right), delamination occurred in this samples, 
middle: 62%-62% PVC samples at 200X on the cross section of folded paper (left) and at 800X on the cracking 
area (right), no delamination is observed but the coating layer has cracked after folding. Bottom: 62% PVC with 
a second layer of pure latex on top at 120X cross section of the folded sample (left) and 120X on the folded area 
from top that shows a sacrificial layer cracking underneath (right). 
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3.5 Conclusions 
Increasing starch content and PVC leads to a decrease in the strain at failure of coating layers and 
an increase in cracking area for both types of papers for single layer systems: crack area correlates with 
strain at failure more than elastic modulus or stress at failure. In double layer coatings with 78% PVC in 
both layers, the cracking was severe. However, when a latex-rich top coating layer is applied on top of a 
high starch content lower layer, the cracking is reduced to a large extent: the high strain to failure of the top 
layer helps keep cracking contained in the first layer and holds the system together. When the second layer 
coating is pure latex, cracking decreases to a low level, even with a high starch content first layer. Coatings 
with 78% PVC as the first layer showed delamination in the samples but for 62% PVC samples 
delamination did not happen although the coating layer cracked in the folded area.   
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CHAPTER 4 
EVALUATION OF THE ADHESION PERFORMANCE OF LATEX-
STARCH MIXTURES WITH CALCIUM CARBONATE IN PAPER 
COATING FORMULATIONS 
4.1 Chapter summary 
Mechanical properties of pigmented coating layers with different materials and formulations have 
been evaluated in different studies and predictive models have been developed to explain findings. Failure 
at the interface of pigments and binder is also an important aspect to understand where or why the coating 
layer might fail or crack in different applications and processes. In this study, a model formulation of 
calcium carbonate, latex and starch was used to evaluate the interfacial bonding performance affecting 
failure in tensile mode. Samples of calcium carbonate marbles with binder films (latex/starch) between 
them were tested in tensile tests and the results were compared with those of pure binder films. Contact 
angles of calcium carbonate, latex and starch with water and diiodomethane were measured and the failed 
surfaces were analyzed using Raman spectroscopy and scanning electron microscopy.  Increasing the starch 
ratio in the binder increased the tensile modulus and decreased the strain at failure. All marble rock samples 
failed at lower maximum stress and strain at failure values compared to pure films indicating the dominance 
of adhesive failure. While Raman results did not indicate any residual latex particles on the adhesively 
failed surfaces, Scanning electron microscopy confirmed that at least part of the failure was still cohesive.   
4.2 Introduction 
Paper and paperboard are coated with pigments and binders to improve optical and printing 
properties. Pigments such as kaolin clays or calcium carbonates are generally applied with latex and starch 
binders. The mechanical properties of these coating layers are critical for other processing steps such as 
printing and folding.  Often, cracking during the folding operation is a serious issue, but few studies have 
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been reported that help understand the key mechanisms that control the cracking event. One significant 
contributor to fold crack resistance appears to be the adhesion between pigments and binder.  
The adhesion of latexes with different glass transition temperatures (Tg), on three different surfaces 
was characterized by atomic force microscopy (AFM) (Granier & Sartre, 1995). Latex spreading and 
ordering depends on properties of the latex polymer, drying conditions and the chemical nature of adhesion 
surface. They observed high mass concentrations of latex could form and cover the surface of the substrates, 
but  for lower concentrations after water evaporation a monolayer could not form. Forming a monolayer of 
latex film showed there was not any aggregation or flocculation in latexes when water evaporated, but 
deformation of particles could occur in the latexes with different Tg. A higher Tg latex could not reach the 
desired temperature if it dried at room temperature and that could affect all the structural and bonding 
properties of that specific latex. Their results showed the adhesion of latexes was strong on calcium 
carbonate, weak on silica and intermediate on mica surfaces: adhesion did depend on the surfaces chemical 
nature.  
The work of adhesion in the viscoelastic behavior of styrene-butadiene latex film was evaluated 
(Giri et al, 2001). An extended Johnson, Kendall and Roberts (JKR) Model (Johnson et al., 1971) was used 
to compare the experimental data of work of adhesion in three different type of latexes with different in Tg 
and degree of cross-linking. The main assumption of the theory, was the limited effect of viscoelastic 
behavior on the periphery of the contact. With this assumption the model was able to predict the loading 
and unloading changes of the film when the loading was slow enough.  As the loading rate increased the 
bulk creep effect became more significant and the model was not applicable.  None of the AFM studies to 
date includes the influence of starch on the adhesive properties.  
Microstructure and macrostructure of pigmented latex coating was subjected to a number of studies 
(Prall et al., 2000). The storage modulus of pure latex films was affected by changing the temperature, 
below Tg of the latex, the modulus was not effected significantly but in the transition temperature there was 
a significant change of modulus, and above that temperature it remained the same. The changes in the 
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temperature, explains the importance of the latex film formation and its role in load transfer in the paper 
coating layer. But since calcium carbonate has no glass transition temperature, the coating properties change 
from a rubbery state to glassy state, when the pigmented volume concentration changes above the latex Tg.  
Binder content and its effect on mechanical properties of coating layers were evaluated by 
researchers (Raman et al, 1998); with increasing the pigment concentration from 40% to 68% the tensile 
strength of the coating films increased with a sudden increase around the critical pigment volume 
concentration (CPVC) point. Also a few conventional composite theories were used to predict the coating 
properties, but these models were effective only below CPVC point and could not predict the sudden 
increase. In another study (Chen & Zhu, 2014) the effect of starch in the binder combination was evaluated. 
When starch was added to the coating formulation, binder migration occurred differently for starch and 
latex particles where starch migrated to the top of coating and latex moved to the bottom of the coating 
film. Increasing starch content in the binder formulation, increased ultimate tensile strength and elastic 
modulus but decreased elongation at break.   
The mechanism of cracking at a fold was studied for two types of pigments, clay and ground 
calcium carbonate) GCC in paper coating (Ratto & Hornatowska, 2011). In formulations with starch as part 
of binding system, in low binder content formulations, larger pore sizes were observed in comparison with 
formulations that had pure latex as binder, which was expected as the starch had higher density compared 
with latex. The type of pigments also showed different patterns in cracking. GCC-based coatings cracked 
through the thickness of the coating but clay-based coatings cracked at an angle. In GCC-based 
formulations cracking started at the surface and was wider on surface but for clay-based samples, the 
cracking was wide on the top surface and also near the base. Adding starch to the binder of these 
formulations did not change the pattern of cracking for neither of the pigment types.       
In other research (Alam and Toivakka, 2010), used a mesh free, analytical model to predict if the 
failure in the paper coating was an adhesive or a cohesive failure. As the bonding between binder and 
pigments fail adhesively the elastic modulus of the coating film drops, and this disconnection would lower 
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the modulus. As the packing in the coating is not perfect and more discontinuous, the effect of modulus on 
load transfer is not very distinct in the coating layer. On the other hand, the strain or displacement  appears 
to be more significant in the coating failure. As their model shows, for different strength levels, a critical 
ratio appears to exist. Above this critical ratio, adhesive failure is the dominant failure mode where below 
that ratio, it is the cohesive failure that is dominant.  The model predictions were not compared with 
experimental results in much detail.  
Failure in the coating layer was predicted using discrete element methods (DEM) (Varney & 
Bousfield, 2018). In their model, the binder film properties are an input into the model. The model is able 
to predict elastic modulus, maximum stress, and strain at failure under tensile or flexural loading. Cracking 
was predicted when the local strain exceeded the strain at failure of the binding system. The model over-
predicted a number of experimental results of Najafi et al. 2018.  
All of these works point to a need for a better understanding of the pigment-binder interactions. It 
is not clear if cracking is a result of cohesive failure of the binder system or an adhesive failure of the binder 
with the pigment. In this work, pure films of binders were tested between two calcium carbonate surfaces 
in a tensile test.  The stress-strain results are compared to the pure films in tension. The calcium carbonate 
surfaces are examined after failure in an attempt to understand the type of failure that exists.  
4.3 Materials and Methods 
To prepare samples for testing, rocks of calcium carbonate (marble) from OMYA, USA were 
prepared in small pieces. Top and bottom surfaces of these smaller rocks were sanded flat with a belt sander 
machine (400 grit) (Model: JSG-GDC, USA) to enhance a smooth and clean surface. Styrene butadiene 
copolymer latex (Gelnfo 5086, OMNOVA, Akron OH) with a glass transition temperature of 5 °C and a 
particle size of 120 nm was used. Ethylated starch (Ethylex 2025 Tate & Lyle, Houlton, ME, USA) was 
cooked with a starch cooker at 90 °C for about 60 min. Sanded rocks were fixed on the surface of SEM 
stubs with use of some commercial epoxy resin. Mixtures of latex and starch were prepared at different 
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Figure 4. 1 shows a schematic picture of the prepared samples. The same rocks were used for subsequent tests 
after sanding calcium carbonate surfaces again to ensure there was not any residuals from the previous test. 
weight ratios of 100% latex, 90% latex, 80% latex and 70% latex and denoted as 100L/0S, 90L/10S, 
80L/20S and 70L/30S, respectively. Each latex-starch ratio was mixed with an automatic lab mixer for 
about 20min at 300 rpm.  
For each mixture ratio, a 0.5 ml sample of that formulation was added on the surface of a sanded 
marble rock. Another sanded marble rock that was fixed on another SEM stub was gradually mounted on 
the top of the drop, while it was held upside down with the help of a holding fixture. The mixture droplet 
dried between the surfaces of these calcium carbonate marbles at room temperature of about 25 °C for 24 
hr.  
 
 
 
 
 
 
 
 
 
 
  
 
The rock samples were then tested in tension using an Instron testing machine (Model 5966, 
Norwood, MA, USA) According to ASTM D638 specification with some modifications. This standard test 
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method is designed for plastic materials with 100 mm length dog-bone samples and the loading rate is about 
5 mm/min. To achieve the same strain rate during test and considering that the specimen length (thickness 
of the binder film between the two rocks) was much shorter (about 1mm), the loading rate was adjusted to 
the size of the specimens at 0.05 mm/min. For each formulation five replications were used. Tensile stress 
was calculated by dividing the measured force by the area of the binder measured on the rock surface after 
failure.  
Contact angles of calcium carbonate, latex and starch were evaluated with a Krüss mobile surface 
analyzer (Hamburg, Germany). In this part of the study, water and diiodomethane contact angles were 
measured on the surface of calcium carbonate marbles. The surface of the marbles were sanded with the 
same belt sander machine, rinsed with water and dried in the lab oven at 103 °C for 10-15 min. To measure 
latex and starch contact angles with water and diiodomethane, three sheets of paper were coated with latex 
or starch by a BYK automatic film applicator (Rochester Hills, MI, USA) with speed of 150 mm/min. The 
contact angles were measured on these coated sheets after drying them in a lab oven at 103 °C for 10 min.  
To evaluate if any binder particles remained on the surface of calcium carbonate marbles, the rock 
samples after failure were examined using a Renishaw Raman Imaging Microscope System 1000 (Wotton, 
UK), and a LEICA microscope (Leica Mikroskopie und Systeme GmbH, Wetzlar, Germany) at 5X 
magnification. For each latex-starch mixture three replications were used. In addition, scanning electron 
micrographs of the sample surfaces were obtained using a tabletop Hitachi SEM (TM3000, Tokyo, Japan).  
4.4 Results and Discussion 
Typical stress-strain results of binder sample between the two rocks as opposed to a film of pure 
binder are shown in Figure 4.2. In this example the binder is composed of 90% latex and 10% starch by 
weight. The pure binder film has a linear initial response, further elongates, and breaks as others have shown 
in the past (Najafi et al. 2018, Zhu et al.  2016).  When the binder is between calcium carbonate surfaces, a 
different behavior is observed: the initial elongation is similar to the film, but early in the deformation, the 
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film starts to delaminate from one of the calcium carbonate surfaces, peeling the film mostly from one 
surface while mostly staying with the other surface. The arrows in Fig. 4.2 show the maximum stress and 
the peeling regions of the experiment. The maximum stress is considerably lower than the ultimate stress 
of the pure binder films. In all experiments, the binder material ends up mostly on one surface while the 
other surface looks mostly clean.  
 
Figure 4. 2 Stress-strain results for the 90% latex, 10% starch case between calcium carbonate surfaces and 
for the pure film of binder. 
The work of adhesion can be calculated from the peeling event. By taking the average stress during 
peeling, and multiplying it by the distance traveled before the final drop in force, work of adhesion can be 
calculated. The work to induce cohesive failure is the area under the stress-displacement result for the films. 
Table 4.1 compares the work of cohesive failure for the films with the work of adhesive failure for the 
binder between calcium carbonate surfaces.  
 
film
Between rocksfilm
between surfaces
Maximum stress peeling
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Table 4. 1 Comparison between work of adhesion in pure binder films and the film between calcium carbonate 
surfaces. Data in parentheses are standard deviations. 
Binder mixture Binder film 
(MPa.mm) 
Calcium carbonate surface          
(MPa.mm) 
Pure Latex 95 
(7.2) 
1 
(0.6) 
90%Latex+ 10% Starch 169 
(8.7) 
7 
(4.1) 
80% Latex+ 20%Starch 264 
(12.4) 
10 
(3.3) 
60% Latex+ 40%Starch 83 
(7.3) 
3 
(1.8) 
40% Latex+ 60%Starch 60 
(5.6) 
- 
 
Work of adhesion in both pure film and calcium carbonate surface increased with increasing the starch 
content of binder formulations from pure latex up to 20% starch content. With increasing the starch content from 20% 
to 60%, work of adhesion decreased in both pure films and calcium carbonate surface. Calcium carbonate samples at 
60% starch content were very brittle and failed before testing. Increasing starch content lowered the strain at failure 
of samples (Najafi et al, 2018) and that resulted in a smaller work of adhesion in samples with higher starch content.   
Results of tensile tests on the calcium carbonate surfaces are compared to the results of the binder films in 
Figures 4.3 and 4.4 for various ratios of starch and latex. The binder films of all latex-starch ratios showed a larger 
value in maximum stress compare to the results when the films are between calcium carbonate surfaces. As the starch 
ratio increases in the mixture, the maximum stress increases to a constant value. This value is around 25% of the 
maximum stress of the film. Repeatable results were not possible for the 60% starch content because these samples 
were too brittle and could not be mounted in the tester without cracking.   
The strain at failure of the films decreased with increasing the amount of starch for the films, but the value is 
near 20% for all cases when the binder is between the calcium carbonate surfaces (Figure 4.4).  At 40% latex content, 
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the strain at failure is quite similar between the film and the sample between calcium carbonate surfaces. Adhesive 
failure occurs before maximum strain at failure is reached in the samples, thus in samples between the rock surfaces 
strain at failure is not a function of starch and latex concentration.  
 
 
 
Figure 4. 3 Comparison of stress at failure between pure binder films and calcium carbonate surface with different 
starch contents. 
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Figure 4. 4 Comparison of strain at failure between pure binder films and calcium carbonate surface with different 
starch contents. 
 
 
 
 
 
 
 
 
 
Results of contact angle analysis are reported in Table 4.2. On each of the surfaces, sanded calcium 
carbonate, pure latex film and pure starch film on a base paper, contact angles of water and diiodomethane 
were measured and their related surface free energy as well as the polar portion of surface free energy were 
calculated.    
Table 4. 2  Summarized results of contact angle analysis on the calcium carbonate marble, latex and starch coated 
Paper. 
 
The latex surface in comparison with starch and calcium carbonate showed a lower water angle and 
higher surface free energy. This results showed that latex had a good wetting property and can easily make 
 Water 
contact angle 
(o) 
Diiodomethane 
contact angle (o) 
Surface free 
energy 
(mN/m) 
Polar part of surface free 
energy 
(mN/m) 
Calcium 
carbonate 
88 
(±6.8) 
55 
(±9.5) 
34 
(±7.7) 
3 
(±2.2) 
SB latex film 50 
(±2.4) 
40 
(±4.7) 
58 
(±4.1) 
19 
(±1.8) 
Starch film 66 
(±3.8) 
41 
(±3.7) 
49 
(±3.9) 
10 
(±2) 
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the surface wet with a polar liquid. This finding was in contrast with other reports (Ho & Khew, 2000), that 
styrene butadiene latex film forms more a hydrophobic layer and does not have good wetting properties. 
This difference of results can be explained by other additives such as surfactants in the latex mixture. These 
additives could improve the wettability of latex on other surfaces and that could affect the measured values.      
The pure starch layer showed less hydrophilic property, with a higher water contact angle and lower 
surface energy than pure latex. Calcium carbonate water contact angle measurements are similar to what 
others have reported for ground calcium carbonate (GCC) (Orkola, 1999). These samples showed a higher 
water contact angle value compared with latex and starch. As it was observed before (Okayama et al. 1997), 
in the calcium carbonate surface that was heated, fewer higher energy sites interact with water which may 
result in a higher contact angle value. Calcium carbonate had lower wettability in comparison with latex 
but the measured values for calcium carbonate were very similar to the reported values by other researchers 
(Granier & Sartre, 1995).  
Figure 4.5, shows the results of Raman spectroscopy on calcium carbonate, latex, and the side of 
the rock test that visibly still had binder attached, as well as the surface that seemed to have no binder. This 
was the surface that was in contact with the binder mixture but after tensile test it looked clean with no 
binder on it. The calcium carbonate samples had a band at 1086 cm-1, that is the stretching carbonate group 
(-CO3). On the pure latex samples, a strong band at 1001cm-1 is detected; this band shows the presence of 
benzene ring from the styrene component (Bitla, 2002). Comparing the results of pure samples and samples 
from tensile test on one surface that seemed clean, no styrene butadiene is detected. On the other surface 
that clearly had binder remaining, styrene butadiene was detected. The results indicate that adhesive failure 
is the main reason for the failure of the samples and no cohesive failure was detected on the samples with 
Raman spectroscopy.   
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Figure 4. 5 Raman spectroscopy of pure latex, a calcium carbonate surface after tensile test with adhesive failure 
and the other calcium carbonate surface with the binder film remaining on it. 
 
 
 
 
 
 
 
 
 
 
 
The same samples from Raman test were observed under SEM. The results are shown in Figure 
4.6. On the SEM samples from both surfaces after failure in tension, traces of latex can be observed. On a 
surface that Raman detected a peak for styrene butadiene, a thin layer of latex was imaged. On the other 
surface that, no styrene butadiene peak was detected some traces of latex was also imaged. The difference 
between the results of Raman and SEM can be explained based on the sensitivity of Raman spectroscopy. 
Analyzing the SEM images using Image J software, 38% of the calcium carbonate surface seemed to have 
latex still on it. 
Raman detector is very sensitive to the amount of material that is present in the sample. With low 
amount of material, Raman may not detect any peak and might not be applicable for small amounts of 
material. As other researchers (Granier & Sartre, 1995) reported, at lower concentrations of latex, a mono 
layer might not always form and some areas on the surface might not become covered with latex. At higher 
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Figure 4. 6 SEM images of Raman spectroscopy samples, 1a-c calcium carbonate surface with latex film on it without 
any failure, 2a-c calcium carbonate surface after adhesive failure of the binder film. 
SEM magnifications some parts of the surface were not covered with latex and no residual is detected on 
Raman spectra as well.   
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The results of the SEM images suggest that the binder films do not totally fail adhesively. Where 
no binder is left on the calcium carbonate surface, regions of the system may fail cohesively and adhesively.  
From the image analysis and the maximum stress results, around 38% of the failure seems to be cohesive 
failure, regardless of the starch content of the binder.   
These results help explain the results of Zhu et al. (2016), and Najafi et al. (2018) and the 
predictions of Varney and Bousfield (2018). In the experiments, the pure binder films can have elastic 
moduli that increase a significant amount as starch is added to the system, but the moduli of the pigmented 
films increase only a modest amount.  The adhesive failure in the pigmented films could lower the expected 
mechanical properties. In the DEM predictions, the maximum stress is predicted to be much larger than the 
measured tensile and flexural values. The predictions assume perfect adhesion between the binder and 
pigments. If adhesive failure occurs in the experiments, then the experimental value would be lower than 
what the model would predict.  In fact, the experimental results are around 25% of the model predictions 
for the 60% and 80% latex cases.    
The poor crack resistance of coating layers that contain starch must link back to the low strain to 
failure of pure starch-latex films and not the adhesive failure of starch-latex films. Oh et al. (2014), Najafi 
et al (2018), and Chen et al. (2014) show that as starch is added to the coating formulation, cracking 
increases during folding. The pure latex coatings have good crack resistance and yet, as shown in Figure 
4.2, the maximum stress in contact with calcium carbonate is similar to the results when starch is present.  
Also, the strain to failure of the pure latex case in contact with calcium carbonate is similar to the values 
obtained with starch present. These results point towards the low strain to failure of the pure latex-starch 
films as the cause of the poor crack resistance of these coatings.   
4.5 Conclusions  
From the results and discussions presented above it can be concluded that adhesive failure at the 
interface of calcium carbonate and binder is the main failure mechanism in calcium carbonate based coating 
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systems where latex and starch are used as binder. However, not all failure is adhesive; as shown by SEM 
analysis at list part of latex particles still remain on the failed surface even though Raman spectroscopy 
may not be able to detect them. The same binder system showed different tensile properties when tested in 
the form of pure film or in between two calcium carbonate rocks where much lower maximum stress and 
strain at failure values were observed for the later. In addition, with increasing the starch ratio in the binder 
formulation the strain at failure decreased and stress at failure increased.   
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CHAPTER 5 
CONCLUSIONS AND FUTURE RESEARCH 
 
5.1 Conclusions:  
The overall goal of this research was to address fundamental understanding regarding the cracking 
at the fold in the pigmented coating layer with latex and starch as their binder system. A novel method was 
developed to produce free-standing coating films. Films were produced over high to low pigment volume 
concentrations and different latex/starch mixing ratio. The mechanical properties of the coating films were 
measured. Changes in the cracking at the fold in the samples were evaluated as the coatings were applied 
on base papers. Failure in the pigmented coating formulations was studied with respect to the cohesive or 
adhesive failure of the samples. The following can be concluded from the results and discussion presented 
in previous chapters of this thesis: 
1) A novel method to produce free-standing paper coating layers that were suitable for bending 
tests was developed and proved to be highly effective to yield crack-free films. The flexural modulus of 
coating layers followed the same pattern as the tensile modulus, but the flexural stress and the strain to 
failure were larger in bending than in tension. The samples showed the same flexural modulus in both 
directions for both pure latex and latex-starch binding systems except for the 62% PVC for the pure latex 
binder formulation. Starch-containing formulations had higher elastic moduli and maximum stress values 
than the latex-only systems, but lower strain at failure values. Picking results showed that starch-containing 
formulations had a lower picking velocity-viscosity product than the pure latex formulations: picking 
propensity depends on the strain at failure of these systems and not the elastic modulus or the stress at 
failure. SEM images of picking samples showed that the failure was often at the coating-paper interface; 
this result indicates that the adhesion of the coating layer to the paper is at least as important as the 
mechanical strength of the coating layer.   
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2) Increasing starch content and PVC leads to a decrease in the strain at failure of coating layers 
and an increase in cracking area for both types of papers for single layer systems: crack area correlates with 
strain at failure more than elastic modulus or stress at failure. In double layer coatings with 78% PVC in 
both layers, the cracking was severe. However, when a latex-rich top coating layer is applied on top of a 
high starch content lower layer, the cracking is reduced to a large extent: the high strain to failure of the top 
layer helps keep cracking contained in the first layer and holds the system together. When the second layer 
coating is pure latex, cracking decreases to a low level, even with a high starch content first layer. Coatings 
with 78% PVC as the first layer showed delamination in the samples but for 62% PVC samples 
delamination did not happen although the coating layer cracked in the folded area. 3) Samples of different 
latex/starch mixing ratios on GCC marble surface it was concluded that adhesive failure at the interface of 
calcium carbonate and binder is the main failure mechanism in calcium carbonate based coating systems 
where latex and starch are used as binder. However, not all failure is adhesive; as shown by SEM analysis 
at list part of latex particles still remain on the failed surface even though Raman spectroscopy may not be 
able to detect them. The same binder system showed different tensile properties when tested in the form of 
pure film or in between two calcium carbonate rocks where much lower maximum stress and strain at 
failure values were observed for the later. In addition, with increasing the starch ratio in the binder 
formulation the strain at failure decreased and stress at failure increased.  
5.2 Future work: 
1) The biggest issue encountered during this research was the effect of starch on the coating 
formulations. As the starch content increased in the films, the samples became more brittle and it was not 
possible to test the samples in the tensile test; nearly all specimens broke before testing, while they were 
being mounted. Testing starch-rich free-standing coating formulations remains a challenge for future work 
aiming at evaluating the role of starch in paper coating formulations.  
2) In this research and other studies, paper and the coating layer were considered as a composite 
structure. Some composite related equations and models such as rule of mixture and laminate theory were 
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used to predict the behavior of the coating layer from its components, but there was not much success with 
applying these models. Modifying the models with considering some other factors and parameters might 
be helpful to use the composite models to predict the properties of coating layer.  
3) In this study, binder migration effect was evaluated with the TGA and there was not any 
significant changes in the top or the bottom of the films. Applying findings of other researchers in binder 
migrations study, such as tagging latex or starch might help to have a better understanding of this 
phenomena in the pigmented coating layers.  
4) Study of the effect of temperature on the mechanical properties of coating layers and 
consequently the cracking at the fold can be an interesting aspect for future studies. Considering 
temperatures below or above the Tg, can show some changes in the properties of the coating layer and the 
cracking at the fold of the coated paper.  
5) As part of this study, double layers of coating were applied on a base paper and the cracking at 
the fold was evaluated.  In the double layer coating, the final coat weight was the controlling parameter; 
studying the multi-layer coating system with the final thickness or the drying rate factor can be another 
interesting topic for future studies. 
6) Failure of GCC surfaces bonded with latex and starch was analyzed with Raman spectroscopy 
and SEM images. Analyzing these surfaces or pigmented coating layer at the cracking spot with other 
methods can help to improve our understanding of the mechanism of cracking.   
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